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We have observed subpicosecond electrical pulses to propagate on 5-pm coplanar transmission lines at
velocities faster than the phase velocity in the underlying dielectric. This situation produces an elec-
tromagnetic shock wave in a manner similar to Cherenkov radiation and electro-optic Cherenkov radia-
tion. Using time-domain spectroscopy, we have measured the strong frequency-dependent loss of energy
in the propagating electrical pulse due to this radiation.
PACS numbers: 41.10.—j, 03.50.—z, 84.40.—x
Electromagnetic radiation is emitted when electric
charges are accelerated, while the uniform motion of
electric charges does not cause the emission of radiation.
However, Cherenkov has shown that, when charges move
faster than the phase velocity for electromagnetic radia-
tion in a material, radiation is emitted as an electromag-
netic shock wave. ' The initial analysis of this eAect was
for electric monopoles, but the physical picture holds
true for higher-order moments as well.
Auston has recently demonstrated that it is possible to
produce an electric dipole moving faster than the ap-
propriate phase velocity in a dielectric, and thereby to
produce an electromagnetic shock wave. This dipole,
which is caused by an ultrashort laser pulse driving the
optical rectification eftect in a nonlinear dielectric ma-
terial, has the same spatial distribution as the laser pulse.
When the group velocity of light (and, consequently, the
speed of the dipole) is faster than the phase velocity for
terahertz radiation, an electromagnetic shock wave is
produced. This situation has been verified in detail in
Auston's experiments and theoretical analyses.
In this paper we describe another very general physi-
cal situation which can also yield emission of elec-
tromagnetic shock-wave radiation. This case involves
the propagation of ultrashort electrical pulses on a me-
tallic transmission line on the surface of a semi-infinite
dielectric substrate. Associated with these propagating
electrical pulses are electric multipoles determined by
the number of metal lines making up the transmission
line and the characteristics of the propagating mode.
For example, with two metal lines the TEM mode has an
electric dipole moment and a consequent dipolar field
distribution, while for three lines a quadrupole moment
is possible. When the dielectric constant is greater than
unity, the group velocity for electric pulses propagating
on these lines (and consequently the associated mul-
tipoles) will be faster than the phase velocity in the
dielectric. Thus in the dielectric we have the situation
shown in Fig. 1(a), which includes radiation of an elec-
tromagnetic shock wave in the form of a Cherenkov-type
cone.
In this Letter we present time-domain measurements
of the attenuation versus frequency for the spectral com-
ponents of the propagating electrical pulse, due to the ra-
diation of the electromagnetic shock wave. This loss is
so severe that after propagating only 1 mm, power at 0.8
THz is reduced to 1 je of its original value. Previous
frequency-domain studies have calculated the radiative
loss for single-frequency transmission on coplanar metal
lines on dielectrics. These results have been confirmed
by experimental measurements up to 1 6Hz, " where the
radiation loss is only 10 of that reported here. Our








FIG. 1. (a) Cherenkov cone in the dielectric half space; (b)
experimental geometry.
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good agreement with this calculation, even though our
spectrum extends to 1 THz. At these high frequencies,
the time-domain Cherenkov picture provides a simple in-
tuitive description of the generation of the electromag-
netic shock wave and of the radiation process associated
with the propagating ultrashort electrical pulse.
The experimental situation shown in Fig. 1(b) is simi-
lar to that used previously. Here the subpicosecond
electrical pulses are obtained by photoconductive short-
ing of the charged coplanar transmission line with 70-
fsec pulses from a colliding-pulse mode-locked dye laser.
This method of pulse generation ensures a pure dipolar
pulse. The resulting electrical pulses were measured by
a fast photoconductive switch, driven by a time-delayed
beam of the same 70-fsec laser pulses, which connected
the transmission line to an electrical probe. In order to
measure propagation effects, the excitation point (sliding
contact) was moved variable distances away from the
sampling photoconductive switch.
The 20-mm-long transmission line had a design im-
pedance of 150 0 and consisted of two parallel 5-pm-
wide, 0.5-pm-thick aluminum lines separated from each
other by 15 pm. The measured dc resistance of a single
5-pm line was 200 A. The transmission line was fabri-
cated on an undoped silicon-on-sapphire wafer, which
was then heavily implanted with 0+ ions to ensure the
required short carrier lifetime. The measurements were
made with the standard excite-and-probe arrangement
for the beams of optical pulses.
In Fig. 2(a), we show the measured subpicosecond
electrical pulse. For this result the spatial separation be-
tween the exciting and sampling beams was approxi-
mately 50 pm, while the laser spot diameters were 15
pm. When the sliding contact was moved 6 mm from
the optical sampling gap, we observed the pulse propaga-
tion effects shown in Fig. 2(b). The Fourier analyses of
these pulses are shown in Fig. 2(c), where it is seen that
the amplitude spectrum of the initial pulse extends to
beyond 1 THz and that the transmitted pulse has
suAered a significant frequency-dependent loss. From
these spectra it is straightforward to obtain the absorp-
tion coefTicient as a function of frequency, as shown in
Fig. 2(d). For some time, previous to this paper, we had
considered this absorption to be due to the aluminum
lines.
In order to test this assumption, we reduced the resis-
tivity of the Al lines by approximately 12 times by cool-
ing the transmission line to liquid-helium temperatures.
Instead of the expected reduction in the absorption
coefficient by at least 412 due to the consequent reduc-
tion in the surface resistance controlled by the frequen-
cy-dependent skin eAect, we obtained the results shown
in Fig. 3. The initial pulse looks almost identical to the
room-temperature result. The unexpected feature was
that the propagated pulse, illustrated in Fig. 3(b), broad
as shown in Fig. 3(c), the Fourier spectra of the input a
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FIG. 2. Room temperature: (a) measured input pulse; (b)
measured pulse after propagating 6 mm on the transmission
line; (c) amplitude spectrum of input pulse (dots) compared
with propagated pulse (squares); (d) amplitude absorption
coefficient a from (c) (dots) compared with theory (solid line).
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ened considerably and developed a slight ringing. In addition,
nd propagated pulses at 2.5 K look very similar to the room-
se when the absorption coefficient is plotted [Fig. 3(d)].


























insignificant and cannot explain the large absorption
observed. The same is true for the sapphire substrate
whose absorption coe%cient in this frequency range is
also insignificant. Therefore, the apparent absorption
must be due to radiation by the moving electric dipole
associated with the electrical pulse. This pulse is pro-
duced by the transfer of approximately 2000 electrons
between the two lines at the generation site. Conse-
quently, two dipoles with charges of 1000e and separa-
tions of 15 pm move down opposite directions of the line
at the group velocity. By measuring the total optical de-
lay required for the sampling pulses, we determined that
the electrical pulses (dipole moments) propagate on the
line with the group velocity of t~ =c/2. 45. This velocity
is significantly faster than the phase velocity of approxi-
mately c/3. 3 for terahertz radiation in sapphire.
The above measured value for vg is to be compared
with that obtained from the relationship tg =c/[ —,' (1+
e) ] ', which applies for our dielectric half-space
geometry in the quasistatic approximation. The low-
frequency dielectric constants e of sapphire are 9.4 for
the ordinary ray and 11.6 for the extraordinary ray.
These values give the corresponding group velocities of
c/2. 28 and c/2. 51, which bracket our measured value of
c/2. 45 obtained on sapphire of unknown orientation.
This good agreement confirms the first-order validity of
the quasistatic approximation and allows the calculation
of the deviations from the TEM mode responsible for the
radiative loss.
The solution for the radiation loss at frequency m from
a coplanar line on a dielectric is given by
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I. IG. 3. 2.5 K: (a) measured input pulse; (b) measured
pulse after propagating 6 mm on the transmission line; (c) am-
plitude spectrum of input pulse (dots) compared with pro-
pagated pulse (squares); (d) amplitude absorption coeScient a
from (c) (dots) compared with theory (solid line).
1 0
Thus it is clear that the main component of the ob-
served loss is not due to the aluminum metal film. The
absorption of the thin 0.5-pm layer of silicon is relatively
For Eq. (1), ld is the wavelength in the dielectric;
W=25 pm is the width of the transmission line; k =0.6
is the ratio of the separation of the two lines to the total
width; K(k) and K'(k) are standard tabulated elliptic in-
tegrals. '
Evaluating Eq. (1) for our conditions, we obtain the
amplitude absorption coefficient to be a=(0.4 mm ')
&&f, where f is the frequency in terahertz. This result is
to be compared with the measurements in Figs. 2(d) and
3(d). The solid line fitted to the data in Fig. 2(d) is
given by the relationship a = (0.2 mm ')f '~ + (0.65
mm ')f 3. The first term gives the frequency-dependent
loss due to the resistive skin efIect for the Al lines, while
the second term with the f dependence describes the
loss due to the radiation. In Fig. 3(d), the solid line
fitted to the measured absorption is again the sum of two
terms, a=(0.06 mm ')f'~ +(0.65 mm ')f It isto.
be noticed that the radiative term, as expected, remained
the same, while the resistive-loss term decreased by ap-
proximately 1/412, corresponding to the reduction ol' 12
1665
VOLUME 59, NUMBER 15 PHYSICAL REVIEW LETTERS 12 OCTOBER 1987
in the resistance of the lines. The measured loss due to
the radiation is approximately 1.5 times the calculated
value; we consider this good agreement and especially
the cubic frequency dependence to confirm definitely the
nature of the eAect.
As an additional test of our conclusions, we performed
the same measurements on a transmission line composed
of 2.5-pm-wide lines separated by 5 pm. Here, because
W was reduced by 2.5 times compared with the measure-
ments of Figs. 2 and 3, and in agreement with the pre-
diction of Eq. (I), the radiative loss was negligible. The
measured absorption was well described by the single-
term expression a = (0.4 mm ')f 't at room tempera-
ture. When the sample was cooled to liquid-helium tem-
peratures, the resistivity of the lines dropped by 4 times
and the absorption was fitted by the function a =(0.2
mm ')f 'i, which agrees with the expected reduction of
due to the factor-of-4 decrease in resistivity.
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